Cardiac metabolism remains altered for an extended period of time after myocardial infarction. Studies have shown fibroblasts from normal hearts express KATP channels in culture. It is unknown whether fibroblasts from infarcted hearts express KATP channels and whether these channels contribute to scar and border zone electrophysiology. KATP channel subunit expression levels were determined in fibroblasts isolated from normal hearts (Fb), and scar (sMI-Fb) and remote (rMI-Fb) regions of left anterior descending coronary artery (LAD) ligated rat hearts. Whole cell KATP current density was determined with patch clamp. Action potential duration (APD) was measured with optical mapping in myocyte-only cultures and heterocellular cultures with fibroblasts with and without 100 mol/l pinacidil. Whole heart optical mapping was used to assess K ATP channel activity following LAD ligation. Pinacidil activated a potassium current (35.4 Ϯ 7.5 pA/pF at 50 mV) in sMI-Fb that was inhibited with 10 mol/l glibenclamide. Kir6.2 and SUR2 transcript levels were elevated in sMI-Fb. Treatment with Kir6.2 short interfering RNA decreased KATP currents (87%) in sMI-Fb. Treatment with pinacidil decreased APD (26%) in co-cultures with sMI-Fb. APD values were prolonged in LAD ligated hearts after perfusion with glibenclamide. KATP channels are present in fibroblasts from the scar and border zones of infarcted hearts. Activation of fibroblast KATP channels could modulate the electrophysiological substrate beyond the acute ischemic event. Targeting fibroblast KATP channels could represent a novel therapeutic approach to modify border zone electrophysiology after cardiac injury.
MYOCARDIAL INFARCTION IS OFTEN associated with the development of malignant ventricular arrhythmias and remains a major cause of mortality in the United States. Unfortunately, the underlying mechanisms responsible for initiation and maintenance of cardiac arrhythmias remain poorly understood. Fibrosis is associated with many forms of cardiovascular disease including ischemic cardiomyopathies and is recognized as a major contributing cause of arrhythmias. Fibrosis is classically thought to contribute to cardiac electrophysiology indirectly by creating physical barriers to electrical conduction. However, numerous in vitro and in vivo studies have suggested direct electrical coupling between myocytes and fibroblasts, which may contribute to the electrophysiology of the normal and diseased heart (3, 4, 13, 25, 29, 31, 40) . In addition, several studies have demonstrated the electrophysiological properties of fibroblasts are altered in response to cardiac injury (8, 22, 47, 48) .
Significant interest in the electrophysiological properties of fibroblasts and myofibroblasts has recently emerged. It has been shown that potassium currents in ventricular fibroblasts are able to modulate membrane potentials and are involved in electrical signaling (7, 44, 50) . Moreover, fibroblasts also express calcium-dependent potassium channels (52) and other nonselective channels (8, 9, 19 -21, 43) . Recent studies have indicated fibroblasts isolated from normal hearts and maintained in culture express K ATP channel subunits (1, 7, 26) . Patch clamp studies also demonstrate that K ATP currents appear progressively over time in culture and are associated with the differentiation of fibroblasts into an in vitro myofibroblast phenotype as determined by the expression of ␣-smooth muscle actin. These data suggest K ATP channels may represent a significant potassium conductance in cardiac fibroblasts under pathological conditions. However, it is currently unknown if fibroblasts from injured hearts express K ATP channels and whether the activation of these channels modulates myocyte electrophysiological properties.
K ATP channels are characterized by their sensitivity to ATP/ ADP levels and are activated by the potassium channel openers pinacidil, diazoxide, and nicorandil and inhibited by intracellular ATP and the sulfonylurea drugs glibenclamide and tolbutamide (12, 28, 37, 38) . Different combinations of poreforming Kir6.x (Kir6.1 or Kir6.2) and sulfonylurea receptor (SUR1, SUR2A, or SUR2B) subunits constitute K ATP channels with distinct electrophysiological and pharmacological properties (2, 36) . Activation of fibroblasts K ATP channels may play an important role in infarcted hearts, particularly in the border zone and scar regions where fibroblasts are more numerous. Studies have shown there is a reduction of ATP levels and enzymes involved in ATP production immediately after ischemic events and that these changes persist in the infarcted myocardium for several weeks after injury (11, 16) . These data suggest conditions that would lead to activation of K ATP channels are present beyond the acute ischemic event. Moreover fibroblast K ATP currents could also contribute to border zone electrophysiology in response to reinfarction events.
Here, we report for the first time myocardial infarction induces expression of functional K ATP channels in scar and border zone fibroblasts. Activation of these channels modulates myocyte repolarization properties, alters the electrophysiological substrate, and may affect arrhythmia formation after myocardial infarction.
METHODS
All procedures complied with the standards for the care and use of animal subjects as stated in the Guide for the Care and Use of Laboratory Animals (NIH publication no. 85-23, revised 1996). Protocols were approved by the Institutional Animal Care and Use Committee of the New York University School of Medicine (protocol number 100407-02).
Myocardial infarction model. Myocardial infarction was induced in male Wistar-Hannover rats weighing 170 to 250 g by ligating the left anterior descending coronary artery (LAD) as previously described (39) . Anesthesia was induced with inhaled isoflurane (5%). The rat was intubated and ventilated with 100% oxygen. Anesthesia was maintained with 3.5% isoflurane. Meloxicam (1 mg/kg) and lidocaine (6 mg/kg) were administered by intramuscular injection. The surgical area was shaved and cleaned. An incision was made on the chest to the left of the sternum. The third and fourth ribs were transected, and the intercostal muscles were dissected. The thoracic cavity was entered, and the heart was exteriorized through the incision. A curved needle was used to pass 6-0 suture under the LAD. The suture was tied, and the heart was placed back into the thoracic cavity. The thoracic wall and the skin incision were closed. The animal was resuscitated using positive pressure ventilation and placed in an oxygen-rich environment. Fibroblasts were isolated from hearts 1 wk after the LAD ligation procedure. Only hearts with visible transmural infarcts were used in the study.
Fibroblast isolation. Fibroblasts from the left ventricles of LAD ligated and age-matched normal (Fb) rat hearts were isolated by enzymatic digestion as previously described (14) . Fibroblasts from LAD ligated hearts were separately isolated from the scar and border zone (sMI-Fb) and from noninfarcted remote (rMI-Fb) regions. The cells isolated from infarcted hearts were likely a mixture of fibroblasts and myofibroblasts. The majority of cells in the rMI-Fb group were likely fibroblasts, whereas the majority of cells in the sMI-Fb group were myofibroblasts. Rats were first euthanized by CO2 inhalation. Hearts were then extracted via thoracotomy. The left ventricular tissue was dissected, washed, minced, and subjected to repeated digestions at 37°C in a solution containing a mixture of 100 units/ml of collagenase I and 0.1% trypsin. After each digestion, the tissue was mechanically dissociated using a wide mouth pipet, the supernatant containing dissociated cells was collected, and cells were resuspended in L-15 medium. Cells from all digestions were pooled and resuspended in Medium-199 supplemented with 10% FBS, 100 units/ml penicillin, 100 g/ml streptomycin, 1% nonessential aminoacids, and 20 g/ml vitamin B12. The cells were plated and incubated for 2 h to allow for the preferential attachment of fibroblasts. The supernatant was then replaced with fresh culture medium. All experiments were performed 4 days after isolation.
Neonatal myocyte isolation. Ventricular myocytes were isolated using an enzymatic digestion protocol as previously described (41) . Myocytes were isolated from 0 to 2-day-old rat hearts (WistarHannover) anesthetized with isoflurane followed by decapitation. The hearts were removed and pooled in chilled calcium and magnesium free HBSS. Hearts were washed twice in chilled HBSS, and the ventricular tissue was minced and digested at 37°C several times in a solution containing 0.125% trypsin and 60 g/ml pancreatin at 37°C for 10 min. After each digestion, the tissue was mechanically dissociated using a wide mouth pipet, the supernatant containing dissociated cells was collected, and cells were resuspended in L-15 medium. Cells from all digestions were pooled and passed through a 70 m cell strainer. Isolated cells were resuspended for plating in M-199 supplemented with 10% FBS, 100 units/ml penicillin, 100 g/ml streptomycin, 1% nonessential aminoacids, and 20 g/ml vitamin B12. Dissociated cells were preplated to separate myocytes and fibroblasts. Myocytes were resuspended in 10% FBS medium with 0.1 mmol/l bromodeoxyruridine and plated at a density 3.1 ϫ 10 3 cells/mm 2 on collagen-treated Petri dishes. Myocytes were maintained in with M-199 supplemented with 100 units/ml penicillin, 100 g/ml streptomycin, 2 mg/ml L-thyroxine, 0.1 mg/ml insulin, 0.5 mg/ml transferrin, 2.5 mg/ml ascorbic acid, 1 nmol/l lithium chloride, and 1 nmol/l sodium selenite (Sigma) starting 2 days after isolation.
Whole cell voltage clamp. Isolated fibroblasts were cultured on glass cover slips and mounted on a recording chamber (RC-21BRW; Warner Instruments). Ionic currents were recorded in the whole cell patch clamp configuration with a patch clamp amplifier (Axopatch 200B; Axon Instruments) connected to an analog to digital converter (Digidata acquisition system; Clampex version 9.1 software; Axon Instruments). Additional patch clamp experiments were performed using sMI-Fb transfected with Kir6.2 short interfering RNA (siRNA). Patch electrodes were filled with an internal solution containing (in mmol/l) 12 NaCl, 20 KCl, 110 K-aspartate, 1 CaCl2, 1 MgCl2, 2 K 2ATP, 10 EGTA, and 10 HEPES (pH adjusted to 7.2 with KOH). The extracellular solution was a modified Tyrode's solution containing (in mmol/l) 140 NaCl, 5.4 KCl, 1 CaCl 2, 1 MgCl2, 10 HEPES, and 10 glucose (pH adjusted to 7.4 with NaOH). Recordings were obtained in modified Tyrode's solution (control), modified Tyrode's solution containing 100 M pinacidil, and modified Tyrode's solution containing 100 M pinacidil and 10 M glibenclamide. All experiments were performed at room temperature (23-25°C). Cell capacitance was measured by integrating the area under the capacitive transient elicited by 5-mV depolarizing steps from a holding potential of 0 mV. Series resistance and whole cell capacitance were electronically compensated. Whole cell current-voltage relationships were determined from a holding potential of Ϫ50 mV with a protocol consisting of 1.5-s voltage steps applied from Ϫ120 to 50 mV in 10-mV increments. The amplitudes of whole cell membrane currents at the end of the voltage steps were normalized to cell capacitance. Recordings were analyzed with pCLAMP (Axon Instruments) and Origin 7.0 (OriginLab) software packages. Additional patch clamp experiments were performed using sMI-Fb transfected with Kir6.2 siRNA.
Transcript analysis. Quantitative RT-PCR was performed to determine KATP channel subunit transcript expression levels. Total RNA was extracted using the TRIzol reagent as specified by the manufacturer (Life Technologies). cDNA was synthesized from Fb, rMI-Fb, and sMI-Fb using the Superscript III First Strand Synthesis SuperMix (Life Technologies). Quantitative RT-PCR was performed using the Power Sybr Green PCR master mix (Applied Biosystems) with specific primers for Kir6.1 (GAAAGGCATCACGGAGAAGA and CTCCAAACCCAATGGTCACT), Kir6.2 (CCTCCTATCTGGCT-GACGAG and GTGGGCACTTTAACGGTGTT), SUR1 (TCCA-GAAGGTGGTGATGACA and AGGTCTGCACTCAGGATGGT), SUR2 (GCCTTTGTTCGAAAGAGCAG and GCTGTCATGAC-TACTTTCTGCAA), and actin (AGATTACTGCCCTGGCTCCT and TAGAGCCACCAATCCACACA). The transcript expression for each KATP channel subunit was normalized to actin expression.
siRNA transfection. Transfection of sMI-Fb with Kir6.2 (sc-270034; Santa Cruz) and control (AM1631; Life Technologies) siRNA was performed using the siPORT NeoFx transfection agent (Life Technologies) following the manufacturer's protocol. The control siRNA is composed of scrambled sequence that will not lead to the specific degradation of any known cellular mRNA. Briefly, sMI-Fb were trypsinized and resuspended in normal growth medium at a density of 1 ϫ 10 5 cells/ml. siPORT NeoFx transfection agent (9 l) was diluted in 100 l of OPTI-MEM (Life Technologies), and the mixture was incubated at room temperature for 10 min. The siRNA was also diluted at a final concentration of 30 nmol/l in 100 l of OptiMEM and then mixed with the diluted NeoFX transfection agent. The final mixture was incubated at room temperature for 10 min and combined with 2.3 ml of the sMI-Fb cell suspension. The cells were plated and incubated at 37°C for 24 h followed by a media change. Quantification of mRNA levels was performed 48 h after transfection to determine knockdown efficiency.
Preparation of myocyte and fibroblast cocultures.
Freshly isolated myocytes were seeded on collagen-treated Petri dishes to obtain confluent monolayers. Three days after seeding myocytes, Fb and sMI-Fb were trypsinized and plated on top of myocyte monolayers (2 ϫ 10 5 cells per dish). Myocyte-only monolayers were used as a control. Heterocellular cultures were returned to the incubator and optically mapped 24 h after fibroblast plating.
Cell culture optical mapping. Myocyte-only cultures and cocultures of myocytes and fibroblasts were optically mapped. Mapping studies were performed using an upright microscope (BX51WI; Olympus) equipped with a CMOS camera (MiCAM ULTIMA-L; SciMedia). Light from a mercury arc lamp was passed through a filter cube that reflects excitation light (filter: 480 -550 nm; dichroic mirror: 570 nm) to the cells and passes the emitted light (Ͼ590 nm) to the camera. An electronic shutter was used to limit exposure time. Recordings were made at 250 frames/s with 14-bit resolution from a 100 ϫ 100 pixel array, which provided a spatial resolution of 81.6 m. Cells were loaded with the voltage-sensitive dye di-8-ANEPPS (135 mol/l; Life Technologies). After dye loading, cells were maintained in a recording solution (1% FBS, 1% HEPES Hank's buffered salt solution at 37°C, pH 7.4) throughout the mapping procedure. Optical recordings were obtained in control recording solution with vehicle followed by recording solution containing 100 mol/l pinacidil. Cells were stimulated at a basic cycle length of 400 ms using a bipolar electrode (250 m diameter, 800 m separation; FHC). Experiments were performed in the absence of motion reduction techniques. Conduction velocity (CV) and action potential duration (APD) at 70% repolarization were calculated as described previously (24, 48) .
Whole heart isolation and optical mapping. Normal and LADligated hearts were Langendorff perfused as previously described (32, 46) . Briefly, rats were intubated and anesthetized with 3-5% isoflu- rane. Heparin was administered (0.5 units/g ip) 15 min before heart isolation. Hearts were excised through a sternotomy and rinsed in ice-cold modified Tyrode's solution containing (in mmol/l) 1.8 CaCl 2, 1.0 MgCl2, 1.2 KH2PO4, 130.0 NaCl, 4.7 KCl, 11.1 glucose, 24.0 NaHCO3, and 0.052 g/l albumin equilibrated with a 95% O2-5% CO2 gas mixture. Aortas were cannulated, and hearts were perfused with warm (37°C) modified Tyrode's solution at a constant pressure of 68 -74 mmHg. Hearts were submerged in warm oxygenated Tyrode's solution during the experiments to limit transmural temperature gradients. Hearts were stained with the voltage-sensitive dye di-4-ANEPPS (Life Technologies) as previously described (24) . Optical mapping experiments were performed using an upright Olympus microscope (MVX10) with a reflected light fluorescence attachment (BX-FLA) equipped with a CMOS camera (Mi-CAM Ultima-L; SciMedia). Excitation light from a 100 W mercury arc lamp (Olympus) entered a filter cube that reflected green excitation light (480 -550 nm, dichroic mirror: 570 nm) to the heart and passed the emitted light (Ͼ610 nm) to the camera. Movies were acquired at 1,000 frames/s with 14-bit resolution from a 100 ϫ 100-pixel array, which provided a spatial resolution of 31 m. Blebbistatin (5 mol/l; BioMol) was used to limit motion artifacts during optical recordings (10) . Movies were acquired during perfusion with control Tyrode's solution and Tyrode's solution containing 10 mol/l glibenclamide while pacing at a basic cycle length of 100 ms with 4 ms stimuli at twice diastolic threshold. Movies were filtered and signal averaged to improve the signal-to-noise ratio of the recordings. Pixels with low signal-to-noise ratio were excluded from analysis. Average APD at 70% repolarization (APD 70) values were calculated as previously described (23, 48) . Statistical analysis. Results are presented as means Ϯ SE. Unpaired and paired Student's t-tests were used for statistical comparisons of siRNA and whole heart mapping data, respectively. One-factor ANOVA followed by post hoc Student's t-tests were used to compare the patchclamp and quantitative RT-PCR data. Two-factor ANOVA followed by post hoc unpaired and paired Student's t-tests when appropriate were used to compare the cell culture optical mapping data. A P value of less than 0.05 was considered to be statistically significant.
RESULTS
Whole cell voltage clamp. The presence of K ATP currents was investigated with whole cell patch clamp by treating fibroblasts with the channel opener, pinacidil, and blocker, glibenclamide. Figure 1 shows representative current traces and the mean current voltage relationships obtained from Fb, rMI-Fb, and sMI-Fb. The mean cell capacitance was not significantly different between Fb (25.1 Ϯ 3.9 pF), rMI-Fb (20.2 Ϯ 3.5 pF), and sMI-Fb (23.3 Ϯ 2.5 pF). Fibroblasts from Fb, rMI-Fb, and sMI-Fb showed linear current-voltage relationships in control conditions. Pinacidil treatment had no significant effect on the membrane current voltage relationships or reversal potentials for Fb and rMI-Fb. In sMI-Fb, treatment with pinacidil significantly activated a potassium current (35.4 Ϯ 7.5 pA/pF at 50 mV) that was glibenclamide sensitive. The pinacidil-induced current was significantly increased in sMI-Fb compared with Fb and rMI-Fb. Consistent with the activation of a potassium current, pinacidil treatment of sMI-Fb resulted in a significant shift in the reversal potential from Ϫ29.4 Ϯ 3.9 mV to Ϫ67.4 Ϯ 2.8 mV (P Ͻ 0.0001). These data indicate that cardiac injury induces expression of a K ATP current in sMI-Fb.
K ATP channel subunit expression. Figure 2 shows K ATP channel subunit transcript expression levels in Fb, rMI-Fb, and sMI-Fb. Transcripts for Kir6.1, Kir6.2, and SUR2 were detected in Fb, rMI-Fb, and sMI-Fb. SUR1 was not detected in any of the three groups (n ϭ 4). The expression of Kir6.2 and SUR2 transcripts were significantly increased in sMI-Fb compared with Fb and rMI-Fb.
Kir6.2 knockdown studies. Figure 3 shows reducing Kir6.2 expression using siRNA alters the pinacidil-induced current in sMI-Fb. The amplitude of the pinacidil-induced current was significantly reduced in sMI-Fb cells treated with Kir6.2 siRNA compared with the cells treated with control siRNA. These data indicate that Kir6.2 is the main pore-forming subunit of sMI-Fb K ATP channels. The residual pinacidilinduced current could be due to remaining Kir6.2 or possibly K ATP channels composed of Kir6.1. Additionally, the reversal potential of Kir6.2 siRNA-treated cells was significantly increased (Ϫ5.4 Ϯ 2.8 mV) compared with cells treated with control siRNA (Ϫ31.6 Ϯ 8.5 mV, P ϭ 0.007). These data indicate K ATP channels contribute to the resting membrane conductance of fibroblasts isolated from the infarct scar.
Culture optical mapping. The effect of pinacidil on CV of myocyte-only and heterocellular cultures with Fb or sMI-Fb was evaluated using high resolution optical mapping. Average CV values were unaffected by the application of 100 mol/l pinacidil. However, a trend toward increased conduction velocity was observed in heterocellular cultures with sMI-Fb treated with pinacidil compared with untreated cultures. This effect could be due to myocyte hyperpolarization associated with activation of fibroblast K ATP channels (30) . Whole heart optical mapping. To determine whether K ATP channels are active after cardiac infarction, APD 70 was measured in whole hearts treated with glibenclamide. Figure 6 shows representative APD 70 maps and average APD 70 values for control and infarcted hearts under control conditions and after treatment with 10 mol/l glibenclamide. These data demonstrate that average APD 70 values were unchanged in normal hearts after perfusion with glibenclamide. In infarcted hearts, glibenclamide treatment significantly prolonged APD 70 (44.6 Ϯ 3.5 ms) compared with control conditions (38.4 Ϯ 3.3 ms). These data indicate conditions are present for K ATP currents to remain active several days after infarction. Myocyte K ATP currents likely contribute to the observed changes in APD; however, these data are also consistent with the other findings of the study and suggest fibroblast K ATP channels may actively contribute to the electrophysiology of infarcted hearts beyond the ischemic insult.
DISCUSSION
This is the first study to demonstrate fibroblast from the scar and border zones of infarcted hearts express functional K ATP channels. K ATP currents were not present in fibroblasts from normal hearts or remote regions of infarcted hearts. Activation of K ATP channels resulted in a shift in the reversal potential to more hyperpolarized values in fibroblasts from the scar and border zones of infarcted hearts. Numerous studies have demonstrated fibroblasts from normal hearts have a more depolarized resting membrane potential compared with myocytes (7, 29, 42, 48) . When coupled to myocytes, fibroblasts have a depolarizing effect on myocyte resting membrane potential, which can lead to partial sodium channel inactivation. Recent studies have indicated positive shifts in the resting membrane potential of fibroblasts is the most critical factor promoting myocyte early after depolarizations (35) . Activation of fibroblast K ATP currents would decrease the depolarizing effect on myocytes and prevent early afterdepolarizations. On the other hand, activation of fibroblast K ATP currents would also act to preserve myocyte excitability. This could lead to impulse regeneration in areas with small numbers of surviving myocytes resulting in slow heterogeneous conduction that may facilitate re-entry. Thus activation of fibroblasts K ATP currents could modify the electrophysiological substrate in a manner that is anti-or proarrhythmic, depending on specific conditions. Consistent with previous studies, transcript analysis demonstrated that ventricular fibroblasts express the K ATP channel subunits Kir6.1, Kir6.2, and SUR2 (1, 7). Kir6.2 and SUR2 transcripts were upregulated in fibroblasts from the scar and border regions of infarcted hearts. Treatment with Kir6.2 siRNA significantly decreased K ATP current density, suggesting that Kir6.2 is the pore-forming subunit of K ATP channels in these cells. Additionally, a positive shift was observed in the reversal potential in fibroblasts from the scar and border zone regions treated with Kir6.2 siRNA, indicating K ATP currents contribute to the background conductance of fibroblasts from infarct scars.
Myocardial ischemia results in a major reduction of APD, which has been attributed to opening of cardiac K ATP channels (5, 15, 34, 49, 54) . In addition to activation of K ATP channels in myocytes, fibroblast K ATP channels may play an important role in determining the electrophysiological properties of the infarcted area where fibroblasts are more numerous and where conditions allow for K ATP channel activation. K ATP channels are activated by a decrease in the ATP-to-ADP ratio (12, 37, 38) . Several studies have shown a significant reduction of ATP content and enzymes critical for ATP production occurs in the peri-infarct region and that these changes persist for at least 6 wk after infarction (11, 16) . These studies suggest fibroblast K ATP channels could be active in the infarct border zone for many weeks following myocardial infarction.
Fibroblast K ATP currents could also contribute to border zone electrophysiological abnormalities in response to reinfarction. Over the last two decades, improvements in interventional and medical therapies for the treatment of myocardial infarction have greatly improved survival outcomes. However, after the initial myocardial infarction event, reinfarction continues to be a major source of mortality (53) . Recent studies have indicated reinfarction occurs in more than 10% of myocardial infarction patients, is associated with electrocardiographic abnormalities, and leads to death within 24 h in ϳ10% of patients. Reinfarction episodes are associated with significant reductions in energetics and would lead to the activation of K ATP currents.
Several studies have demonstrated myocytes and fibroblasts can establish electrical communication through gap junction channels (13, 42, 48) . Recent studies from our laboratory and others have suggested cardiac injury may be associated with an increase in fibroblast myocyte coupling (48, 56) . These findings have raised the intriguing possibility that fibroblasts could contribute directly to cardiac electrophysiology. In this study, myocytes were cocultured with fibroblasts isolated from the scar and border regions of infarcted hearts and treated with the K ATP opener, pinacidil, to investigate the possibility fibroblast K ATP currents are able to modulate myocyte electrophysiology. Pinacidil had no significant effect on CV and APD values in myocyte-only cultures. This finding is consistent with other studies showing K ATP subunit protein expression and channel density are low in neonatal hearts and progressively increases with maturation (6, 33) . Consistent with previous studies, the addition of fibroblasts isolated from normal hearts or the scar and border zone regions of infarcted hearts to myocyte cultures resulted in significant decrease in CV (29, 48) . In addition, CV values were significantly slower in heterocellular cultures with fibroblasts from infarcted hearts compared with cultures with fibroblasts from normal hearts (48) . The decrease in CV is consistent with the depolarization of myocytes through the active coupling with fibroblasts due to their more positive resting membrane potential. The addition of fibroblast from normal hearts had no effect on APD of the heterocellular cultures, whereas fibroblast from the scar and border zone regions significantly prolonged APD. Fibroblast-induced effects on myocyte APD are dependent on cell size and density, coupling levels, and fibroblast resting membrane potential. The observed changes in APD are consistent with previous studies (18, 27, 35, 55) .
Previous studies have shown automaticity in co-cultures of myocytes and fibroblasts from neonatal hearts can be suppressed with K ATP channel openers (31) . In this study, treatment of cocultures with myocytes and fibroblasts from normal or from the scar and border zone regions of infarcted hearts with the K ATP channel opener, pinacidil, had no significant effect on CV values. On the other hand, treatment with pinacidil significantly decreased APD values in both types of cocultures. These findings are consistent with the activation of fibroblast K ATP currents and modulation of myocyte repolarization through intercellular electrical coupling between myocytes and fibroblasts. APD changes induced by pinacidil in cultures with fibroblasts from normal hearts are inconsistent with the single cell patch recordings demonstrating the absence of functional K ATP channels. These differ- ences could be related to the plating and recording conditions. When fibroblasts are plated on top of myocytes, fibroblasts are subjected to mechanical forces that may trigger in vitro differentiation into a myofibroblast phenotype that could be associated with expression of functional K ATP channels (1, 51) . Importantly, the pinacidil-induced APD shortening effect was greater in the cocultures with fibroblasts from the scar and border zones of infarcted hearts. These data indicate K ATP channels in scar and border zone fibroblasts can modulate the electrophysiology of surviving myocytes and may contribute to arrhythmogenesis in this region by decreasing wavelength and facilitating the formation of reentry.
Whole heart mapping studies of normal and infarcted hearts were performed to determine whether K ATP channels are active after cardiac infarction. Perfusion with the K ATP channel blocker, glibenclamide, prolonged APD in the infarcted hearts and had no effect on APD values in normal hearts. These data indicate K ATP channels are active for at least 1 wk after myocardial infarction. Previous studies have shown myocyte K ATP subunit transcript levels remain unchanged in the border zone 1 wk after infarction (17) . Although activation of myocyte K ATP currents likely contributes to the observed electrophysiological changes, these data are consistent with the other findings of the study and suggest fibroblast K ATP channels actively contribute to the electrophysiology of infarcted hearts.
This study has limitations that are inherent to all studies that use an in vitro experimental approach. Isolated fibroblasts were maintained in culture for 4 days after isolation. It is possible the electrophysiological phenotype of fibroblasts could change during this period. Although culture conditions for all groups in this study were identical, further studies would be required to determine whether there is a differential response to the culture environment depending on the fibroblast source. Cultures of neonatal myocytes were used to evaluate the effects of fibroblast K ATP currents on myocyte electrical properties. Adult myocytes cannot be used to generate the heterocellular cultures necessary to investigate interactions between myocytes and fibroblasts. The electrophysiological properties of neonatal and adult myocytes are different particularly with regards to K ATP channel expression; therefore, further studies are necessary to evaluate the effect of fibroblast K ATP currents on adult cardiac myocytes. It is possible that fibroblast paracrine factors can modify myocyte K ATP channel expression and contribute to the electrophysiological changes observed in the heterocellular cultures. In addition, a recent study demonstrated fibroblast growth factor 2 could have cardioprotective effects through modification of Cx43 phosphorylation (45) . Further experimentation would be required to evaluate these possibilities. Finally, the in vitro changes reported in this study do not provide direct evidence in terms of interaction between adult cardiomyocytes and fibroblasts in the intact heart. Further studies are needed to directly determine to what extent the changes in K ATP expression contributed to altered conduction, repolarization, and arrhythmogenesis in injured hearts.
Conclusions
In this study, we demonstrate for the first time functional K ATP channels composed of Kir6.2 and SUR2 subunits are present in fibroblasts from the scar and border zone regions of infarcted hearts. Activation of fibroblast K ATP channels was shown to affect myocyte repolarization properties. Because cardiac metabolism is altered after myocardial infarction, fibroblast K ATP channel activation could modulate the electrophysiological substrate for extended periods of time beyond the initial ischemic insult. These studies suggest targeting fibroblast K ATP channel activity could represent a novel therapeutic approach to modify border zone electrophysiology after cardiac injury.
